Poxviruses produce complement regulatory proteins to subvert the host's immune response. Similar to the human pathogen variola virus, ectromelia virus has a limited host range and provides a mouse model where the virus and the host's immune response have coevolved. We previously demonstrated that multiple components (C3, C4, and factor B) of the classical and alternative pathways are required to survive ectromelia virus infection.
Poxviruses encode in their large double-stranded DNA genomes many factors that modify the immune system (30, 56) . The analysis of these molecules has revealed a delicate balance between viral pathogenesis and the host's immune response (2, 21, 31, 61) . Variola, vaccinia, monkeypox, cowpox, and ectromelia (ECTV) viruses each produce an orthologous complement regulatory protein (poxviral inhibitor of complement enzymes [PICE] ) that has structural and functional homology to host proteins (14, 29, 34, 38, 41, 45, 54) . The loss of the regulatory protein resulted in smaller local lesions with vaccinia virus lacking the vaccinia virus complement control protein (VCP) (29) and in a greater local inflammatory response in the case of cowpox lacking the inflammation-modulatory protein (IMP; the cowpox virus PICE) (35, 45, 46) . Additionally, the complete loss of the monkeypox virus inhibitor of complement enzymes (MOPICE) may account for part of the reduced mortality observed in the West African compared to Congo basin strains of monkeypox virus (12) .
The complement system consists of proteins on the cell surface and in blood that recognize and destroy invading pathogens and infected host cells (36, 52) . Viruses protect themselves from the antiviral effects of complement activation in a variety of ways, including hijacking the host's complement regulatory proteins or producing their own inhibitors (7, 8, 15, 20, 23) . Another effective strategy is to incorporate the host's complement regulators in the outermost viral membrane, which then protects the virus from complement attack (62) . The extracellular enveloped virus (EEV) produced by poxviruses acquires a unique outer membrane derived from the Golgi complex or early endosomes that contain the protective host complement regulators (58, 62) . Poxviruses have multiple infectious forms, and the most abundant, intracellular mature virions (IMV), are released when infected cells lyse (58) . The IMV lacks the outermost membrane found on EEV and is sensitive to complement-mediated neutralization. The multiple strategies viruses have evolved to evade the complement system underscore its importance to innate and adaptive immunity (15, 36) .
The most well-characterized PICE is VCP (24-29, 34, 49, 50, 53, 55, 59, 60) . Originally described as a secreted complement inhibitor (34) , VCP also attaches to the surface of infected cells through an interaction with the viral membrane protein A56 that requires an unpaired N-terminal cysteine (26) . This extra cysteine also adds to the potency of the inhibitor by forming function-enhancing dimers (41) . VCP and the smallpox virus inhibitor of complement enzymes (SPICE) bind heparin in vitro, and this may facilitate cell surface interactions (24, 38, 50, 59) . The coevolution of variola virus with its only natural host, humans, likely explains the enhanced activity against human complement observed with SPICE compared to the other PICEs (54, 64) .
Our recent work with ECTV, the causative agent of mousepox infection, demonstrated that the classical and alternative pathways of the complement system are required for host survival (48) . The mouse-specific pathogen ECTV causes severe disease in most strains and has coevolved with its natural host, analogous to variola virus in humans (9) . This close host-virus relationship is particularly important for evaluating the role of the complement system, given the species specificity of many complement proteins, receptors, and regulators (10, 47, 62) . Additionally, the availability of complement-deficient mice permits dissection of the complement activation pathways involved. Naïve C57BL/6 mouse serum neutralizes the IMV of ECTV in vitro, predominately through opsonization (48) . Maximal neutralization requires natural antibody, classical-pathway activation, and amplification by the alternative pathway. C3 deficiency in the normally resistant C57BL/6 strain results in acute mortality, similar to immunodeficiencies in important elements of the antiviral immune response, including CD8 ϩ T cells (19, 32) , natural killer cells (18, 51) , and gamma interferon (33) . During ECTV infection, the complement system acts in the first few hours and days to delay the spread of infection, resulting in lower levels of viremia and viral burden in tissues (48) .
This study characterized the PICE produced by ECTV, ectromelia virus inhibitor of complement enzymes (EMICE), and assessed its complement regulatory activity. Recombinant EMICE (rEMICE) decreased activation of both human and mouse complement. Murine cells produced EMICE at 4 to 6 h postinfection prior to the release of the majority of the complement-sensitive IMV from infected cells. rEMICE protected ECTV IMV from complement-mediated neutralization. Further, EMICE produced during natural infection inhibited complement deposition on infected cells by the alternative pathway. ECTV likely produces this abundance of EMICE to protect both the IMV and infected cells.
MATERIALS AND METHODS
Cell lines and culture. Chinese hamster ovary cells (CHO; American Type Culture Collection CHO-K1 line) were cultured in Ham's F12 medium supplemented with 10% heat-inactivated (HI) fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin G, and 100 g/ml streptomycin sulfate. A murine fibroblast cell line (L929) and African green monkey kidney cell lines (BS-C-1 and CV-1) were cultured in Dulbecco's modified Eagle's medium (DMEM; BioWhittaker) supplemented with 10% HI-FCS (HyClone). L929 cells were passaged in bacterial petri dishes (Falcon) in normal medium to generate a suspension cell line.
Mouse strains and sera. The following strains of C57BL/6 mice were acquired: factor B (FB) deficient (43, 63) from H. Molina, Washington University Medical School; C4 deficient (22) from M. Carroll, Harvard Medical School; and wild type (WT) from Jackson Laboratories. For the CHO cell experiments, mouse serum was collected in Eppendorf tubes and clotted on ice for 30 min, and the supernatant was stored at 4°C until use. Sera collected on ice in microtainer tubes (BD) were pooled, aliquoted, and frozen at Ϫ70°C until used in IMV, EEV, and infected cell assays. Anti-ECTV sera were collected in microtainer tubes from wild-type mice 4 weeks after intranasal infection with 100 PFU, pooled, heatinactivated, and frozen in aliquots at Ϫ70°C. rEMICE production. Using EMICE cDNA (in pSG5) as a template, the coding sequence of EMICE was generated by PCR using the following primers: 5Ј-CCGGAATTCGGAATGTGCTGTACTATTCCGTCACG-3Ј and 5Ј-ATAA GAATGCGGCCGCTTATTCGCGTACACATTTTGG-3Ј. The resulting PCR fragment was ligated into the EcoRI and NotI sites of pET28a-2 (38), a derivative of pET28a (EMD/Novagen) generated in our laboratory. Recombinant protein was produced using previously described methods (38) . EMICE quantification and detection. rEMICE was quantified using carbonic anhydrase (C5024; Sigma) as a standard on a Coomassie-stained sodium dodecyl sulfate-polyacrylamide gel (SDS-PAG). EMICE in tissue culture samples was compared to rEMICE via Western blotting (41) . Nonreduced samples were electrophoresed in a 12% SDS-PAG (Invitrogen), transferred to nitrocellulose membranes, and probed with a 1:5,000 dilution of a previously described rabbit anti-VCP antibody (41), followed by horseradish peroxidase (HRP)-goat antirabbit IgG (GE Healthcare). rEMICE and rSPICE were detected via flow cytometry (38) . Cells were incubated with a 1:2,000 dilution of rabbit anti-VCP for 30 min at 4°C followed by fluorescein isothiocyanate (FITC)-donkey anti-rabbit IgG secondary antibody (Sigma) diluted 1:100 for 30 min at 4°C. After a washing step, the cells were resuspended in 0.5% paraformaldehyde and analyzed with a BD Biosciences FACSCalibur system.
In vitro complement regulatory assays. Binding to C3b and C4b was detected using a previously described enzyme-linked immunosorbent assay (ELISA) format (39, 41) in at least three separate experiments. Decay-accelerating assays for the classical pathway C3 convertase were performed as previously described (41) four times under each condition in duplicate. The cofactor assays were performed a minimum of three times under each condition in duplicate as previously described (40, 41) .
Complement challenge assay. The standard procedure for initiating the complement pathways (4) was modified to use mouse serum as the source of complement. CHO cells (about 70% confluence) were freed using cell detachment buffer (4 mM EDTA [Sigma] and 10% HI-FCS in phosphate-buffered saline [PBS]), collected, and washed in PBS-1% HI-FCS. CHO cells (1 ϫ 10 6 /well) in a V-bottom 96-well plate were mixed with rEMICE or rSPICE diluted in PBS-1% HI-FCS to the concentrations indicated in the figure legends (100 l final volume) and incubated at 30°C for 30 min (300 rpm). An Eppendorf Thermomixer was used for all incubations. Following incubation, cells were placed on ice and washed twice. Unless otherwise indicated, cells were washed with PBS-1% HI-FCS and centrifuged at 466 ϫ g for 5 min. The sensitizing antibody (38) , IgG from rabbits injected with whole CHO cells (Harlan Bioproducts for Science), was diluted in PBS-1% HI-FCS and added to the cells at 1 mg/ml, and the mixture was incubated for 20 min at 4°C (600 rpm).
For complement activation, the cells were washed twice in 100 l and resuspended in 50 l of gelatin veronal buffer with Ca ϩϩ /Mg ϩϩ ([GVB ϩϩ ] G-6514; Sigma). An equal volume of freshly isolated mouse serum, diluted to a 20% concentration in the same buffer, was added and mixed thoroughly. After a 45-min incubation at 37°C (300 rpm), the samples were washed twice. Cells were stained in 100 l of FITC-conjugated goat F(abЈ) 2 fragment to mouse C3 (Cappel 55510) diluted 1:200 in PBS-1% HI-FCS for 30 min at 4°C (600 rpm), washed twice, and resuspended in 0.5% paraformaldehyde in PBS. C3 deposition was detected by flow cytometry, and the geometric mean was used for calculations. The dose-response experiment used wild-type serum diluted to a 20% final concentration in GVB without Ca ϩϩ /Mg ϩϩ ([GVB°] B103; CompTech) with added 7 mM MgCl 2 and 10 mM EGTA, which limits activation to the alternative pathway. rEMICE and rSPICE experiments used C4-deficient serum at a final concentration of 10 to 40% and varied the sensitizing antibody from 1 to 4 mg/ml. Virus production and culture. Plaque-purified Moscow strain ECTV was used to generate the EMICE-deficient (⌬EMICE) virus. The left-and right-flanking segments of the EMICE gene (017) were selected to produce a central 600-bp deletion (11) , where 017 designates the open reading frame of EMICE in the ECTV genome (11) . The segments were amplified by PCR using EVM017 LF-5Ј (GCGG GCGCCGTGGAGTTTATACCACGTATGAG) with EVM017 LF-3Ј (GCGAC GCATTGCGTCGACGCTAGCGGACGTGACGGAATAGTACAG) and EVM017 RF-5Ј (GCGACCGTACTCGAGGCGGCCGCAAGCTTGATCATA CTCATACAAGCACAATG) with EVM017 RF-3Ј (GCGGAATTCCGTATCT CCGACAAGCACGTAG) and then ligated into pUCP7.5-gpt-1 to yield pNCEV017. This plasmid was recombined into ECTV as previously described (17) . Briefly, six-well plates of CV-1 cells were infected with ECTV (5 ϫ 10 4 PFU/well) and then transfected with 2 g of pNCEV017 using Lipofectamine 2000 (Invitrogen). After 48 h, cell lysates were collected, and isolates were subjected to two rounds of plaque purification in the presence of mycophenolic acid, followed by three rounds without mycophenolic acid.
The EMICE gene was reintroduced to ⌬EMICE using a similar protocol and a 10-kb PCR product from genomic DNA (bp 23179 to 33190). Crude ⌬EMICE stock (4 ϫ 10 6 PFU) was combined with 2 g of psoralen, 120 g of bovine serum albumin, and DMEM to a total volume of 1 ml. After a 10-min incubation, the mixture was exposed to a UV lamp in a 12-well tissue culture plate and applied to a BS-C-1 monolayer. The 10-kb PCR product containing the wild-type EMICE gene and the ⌬EMICE viral DNA were transfected into the cells with Lipofectamine 2000 at a 40:1 molar ratio (4 ng total). The resulting virus was collected and subjected to four rounds of plaque purification on BS-C-1 cells.
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Multiple plaques were isolated at each round and screened for the restoration of EMICE by PCR using the primers EVM 017 LF-5Ј and EVM 017 RF-3Ј. Viral DNA for PCR was isolated from infected BS-C-1 cells using a DNeasy blood and tissue kit (cultured cell protocol; Qiagen). Western blotting confirmed that EMICE was produced by the rescue virus (ϩEMICE ECTV). Plaque-purified ECTV strains were propagated in murine L929 cells. IMV stocks were purified through a sucrose cushion as described previously (16) and titrated on BS-C-1 cells (13) . A single stock of each virus was aliquoted, titrated, and used for all experiments.
In the EMICE production studies, 24-well plates of L929 cell cultures (10 6 cells/well) were infected at a multiplicity of infection (MOI) of 1 with ⌬EMICE or ϩEMICE ECTV for 1 h. Each well was washed with 1 ml of 37°C DMEM two times. Finally, 1,000 l of DMEM was added to each well, and this marked the 0-h time point. At each time point, 800 l of supernatant was collected for analysis, and the remaining supernatant was discarded. The cell layer was washed two times with 1 ml of DMEM; 100 l of DMEM was added, and the cells were scraped off, resuspended, and collected. The viral titer was determined in 200 l of supernatant. At early time points, 500 l of supernatant was concentrated 10-fold in a Millipore concentrator unit (UFV5BCC25). All samples were stored at Ϫ70°C. Frozen samples were thawed, mixed 1:1 with Laemmli sample buffer (Bio-Rad), boiled for 10 min, and analyzed by Western blotting.
IMV neutralization assay. The previously used procedure (48) with the following modifications was used to evaluate the effect of rEMICE on IMV neutralization by mouse serum. rEMICE or a control protein was serially diluted 1:10 in GVB°(B103; CompTech), producing a final volume of 20 l. Wild-type mouse serum was thawed and diluted to 60% in GVB°, and 10 l of this was added to the protein-containing tubes. Purified wild-type ECTV IMV was prepared (48) , and an equal volume of virus (30 l, or Ϸ150 PFU) was added rapidly using an Eppendorf Repeater Plus to the diluted complement/protein at room temperature. Samples were mixed and incubated at 37°C, and infectious virus was detected as plaques on a BS-C-1 monolayer as previously described (48) . The data were normalized by setting the HI-serum control as 0% neutralization and 0 plaques as 100% neutralization.
EEV neutralization assay. Fresh EEVs were produced prior to each experiment by infecting murine L929 cells with ⌬EMICE and ϩEMICE ECTV at an MOI of 0.1 to 0.2 for at least 1 hour. Cells were washed twice with warm PBS (37°C), covered with warm DMEM without added FCS, and incubated at 37°C for 2 days. Harvested culture supernatants were centrifuged at 400 ϫ g for 10 min to remove detached cells and debris. Anti-L1R monoclonal antibody (NR-417 [BEI Resources], similar to VMC-2 [3] ) was diluted in the culture supernatant (1:20) to neutralize the IMV. Prior to neutralization, the titer was on average 4 ϫ 10 4 PFU/ml with about 20% EEVs. The samples were kept on ice until needed.
Thawed mouse serum with or without heat inactivation (5 l) and heatinactivated anti-⌬EMICE ECTV serum (1 l) were diluted in GVB°, producing a final volume of 30 l on ice, and then vortexed and centrifuged. Culture supernatant with anti-L1R antibody (20 l) was added rapidly to the diluted complement using an Eppendorf Repeater Plus. Final concentration for serum was 10% and for anti-L1R antibody was 20 g/ml, which neutralizes Ͼ99% of purified IMV. Unlike the IMV assay, samples were not vortexed before or after the incubation at 37°C. Otherwise, the samples were incubated, diluted with medium, applied to monolayer, and stained to detect plaques as described above. The data were normalized to the sample without serum added, which had on average 160 plaques per well.
Infected cell complement challenge assay. Suspension L929 cells were passed through a 40-m-pore-size strainer, centrifuged (500 ϫ g for 5 min was used throughout experiment), and resuspended in DMEM-10% HI-FCS. Cells were infected with ⌬EMICE or ϩEMICE ECTV at an MOI of 5 and aliquoted into a V-bottom 96-well plate (1 ϫ 10 5 to 2 ϫ 10 5 cells/well). At 10 h postinfection, supernatant was collected after centrifugation for a few samples, and the corresponding cells were transferred to Eppendorf tubes, washed with 1 ml of PBS, and resuspended in a small volume of PBS for Western blotting. Otherwise, the cells were washed with 200 l of PBS-1% HI-FCS, centrifuged again, and resuspended in PBS-1% HI-FCS (50 l/well) with or without a 1:10 dilution of anti-⌬EMICE ECTV serum. Samples were incubated on ice at 100 rpm (Innova 2000 Platform Shaker) for 20 min in the dark. Afterwards, 100 l of PBS-1% HI-FCS was added prior to centrifugation, and this was followed by a second wash with 200 l of PBS-1% HI-FCS. After centrifugation, cells were resuspended in 50 l of mouse serum diluted 1:10 in GVB ϩϩ on ice. The plate was incubated in a 37°C water bath for 2 min and then transferred to a rotating platform (Nutator) for 30 min at 37°C. The cells were washed as before and resuspended in 50 l of a 1:200 dilution of FITC-conjugated goat F(abЈ) 2 fragment to mouse C3 (Cappel 55510) in PBS-1% HI-FCS. After incubation on ice at 100 rpm for 20 min in the dark, the cells were washed as before and resus-pended in PBS-0.5% paraformaldehyde. C3 deposition was measured using a FACSCalibur system and analyzed with FlowJo software, version 7.5, for Windows.
Statistical analysis. All statistical analysis was performed using GraphPad Prism software, version 5.01 (GraphPad Software). The CHO complement deposition and EEV neutralization were analyzed with an unpaired t test (twotailed). The 50% effective concentration (EC 50 ) was determined using nonlinear regression [log(agonist) versus normalized response (variable slope)]. Complement deposition on the infected cells was analyzed with one-way analysis of variance (ANOVA), followed by the Tukey multiple comparison test.
RESULTS

Production of rEMICE. EMICE has approximately 90%
sequence identity to the other PICEs at the amino acid level, and all possess a similar structure consisting of four complement control protein modules (CCP-1 to CCP-4) ( Fig. 1A) . EMICE most closely resembles VCP (difference of 18 amino acids [aa] and a 2-aa deletion) and MOPICE (difference of 19 aa prior to the frameshift mutation and a 1-aa deletion), then SPICE (difference of 26 aa and a 2-aa deletion), and finally IMP (difference of 29 aa and a 2-aa deletion).
Of these PICEs, EMICE has the greatest number of unique residues, with two-thirds (10 of 15) occurring in CCP-1 where the other PICEs are nearly identical. The majority (five of nine) of unique residues in SPICE are located in CCP-2, and some of them mediate SPICE's enhanced activity against human complement compared to VCP's activity (25, 42, 64) . IMP has a similar number of unique residues compared to EMICE, but they are concentrated in CCP-3 and CCP-4 (10 of 14). In contrast, only one amino acid in VCP is not found in the other PICEs, and only a few residues are unique to MOPICE prior to the frameshift mutation.
Similar to our previous studies with recombinant PICEs (rVCP, rMOPICE, and rSPICE) (38, 41, 42) , we synthesized rEMICE in Escherichia coli (Fig. 1B) . Isopropyl-␤-D-thiogalactopyranoside (IPTG) induction produced a single band, rEMICE (Fig. 1B, lane 2) . The protein was refolded from purified inclusion bodies. The reduced protein migrated more slowly than the nonreduced form (Fig. 1B , lane 3 versus lane 4) as each CCP is held together by two disulfide bonds (27) . rEMICE was compared to rSPICE and rVCP by Western blotting (Fig. 1C ). rSPICE migrated faster than rVCP, as previously noted (41, 42, 54) . A single residue in CCP-3 produces this difference, and when this residue is mutated to match the rest of the PICEs (L131S), rSPICE migrates in the same manner as rVCP (42) . rVCP migrated slightly faster than rEMICE.
Characterization of rEMICE's complement regulatory activity. We analyzed rEMICE's regulatory activity in assays previously used to evaluate the activity of rVCP, rMOPICE, and rSPICE against human complement components (41). Throughout these experiments, rEMICE was compared to rSPICE, a potent regulator of the human complement system, as a positive control.
The PICEs must first bind C3b and C4b, components of the C3 convertases, to regulate complement activation. rEMICE's interaction with these two opsonic cleavage fragments, which are also part of the convertases, was assessed using an established ELISA protocol (39, 41) . In the case of human C3b ( Fig.  2A (41) and binds C3b and C4b approximately equally ( Fig. 2A and B) . The higher affinity for C4b than for C3b found with rEMICE was also observed for rMOPICE and rVCP (about 5-and 30-fold, respectively) (41) . Upon comparison to published data (41), rEMICE's binding ability most closely resembled that of rMOPICE and was greater than that of rVCP, which is about 100-fold less than that of rSPICE.
Given the efficient binding to C4b and previous reports of decay-accelerating activity being mediated by the PICEs (41, 49, 64) , we determined whether rEMICE dissociates (decays) the subunits that compose the human classical pathway C3 convertase (Fig. 2C ). In this experimental method, the convertase (C4bC2a) was assembled on the surface of antibodycoated erythrocytes using purified human complement components. These cells were then incubated with the regulatory protein, followed by C3 and the late components of the complement system. If the regulatory protein efficiently dissociates the convertases, then there is less hemolysis of the cells. rEMICE decayed the human classical-pathway C3 convertase, with about 50% of the activity of rSPICE in this regard.
In contrast to decay-accelerating activity, cofactor activity irreversibly inactivates the convertases. Factor I, in the presence of a cofactor like the PICEs, cleaves the ␣Ј chain of C3b or C4b, and the resulting cleavage fragments no longer can form a convertase. rEMICE's ability to serve as a cofactor protein was assessed by combining it with the protease factor I (human) and biotinylated human C3b or C4b (Fig. 2D or E, respectively). rEMICE serves as a cofactor protein for the cleavage of C3b and C4b at amounts as low as 0.5 ng/ml. No cleavage occurred in the absence of factor I. rEMICE bound CHO cells and protected against mouse complement. The three heparin binding sites that mediate (Fig. 1A) . We evaluated whether secreted EMICE could limit complement deposition on infected cells in a CHO cell model. rEMICE bound to the cell surface ( Fig. 3A ) similarly to rSPICE (38) and the human regulator factor H (44). This property enabled us to assess how well rEMICE regulated mouse complement on a cell surface. CHO cells, with or without prior exposure to rEMICE, were mixed with an anti-CHO antibody, and then wild-type, C4deficient, and FB-deficient mouse sera were added. Flow cytometry was employed to measure the quantity of C3 fragments deposited ( Fig. 3B and C) . Classical pathway activation (wild-type or FB Ϫ/Ϫ serum) by the antibody in this assay most closely mimics an infection after the production of specific antiviral IgG antibody. In this setting, rEMICE did not impact C3 deposition. When only the alternative pathway was activated (C4 Ϫ/Ϫ serum), however, rEMICE significantly reduced C3 deposition by about 90% (P ϭ 0.002) (Fig. 3C ). Varying the concentration of rEMICE (Fig. 3D ) demonstrated that rEM-ICE had dose-dependent activity against the alternative pathway ( Fig. 3E and F) . Comparing rSPICE to rEMICE across a range of conditions showed that both proteins had similar abilities to regulate activation of the alternative pathway in mouse serum ( Fig. 3G and H) .
Generation of EMICE-deficient virus. To address the role of EMICE during viral infection, an EMICE-deficient (⌬EMICE) ECTV was produced by deleting about 600 bp from the middle of the EMICE gene in the wild-type (WT) Moscow strain of ECTV. The functional EMICE gene was restored in the ⌬EMICE strain to produce the rescue strain (ϩEMICE). Clones lacking or containing the wild-type EMICE gene were selected by PCR, and EMICE production was confirmed by Western blotting (Fig. 4) .
High levels of secreted EMICE preceded the release of IMV from infected cells. To understand when an infected cell synthesizes EMICE, murine L929 cells were infected in vitro with ϩEMICE ECTV at an MOI of 1, washed, and then cultured in serum-free medium. The kinetics of EMICE production was assessed in the supernatants and cells via Western blotting. Given the low levels of EMICE observed at the earliest time points in prior experiments, the supernatants at initial time points were concentrated 10-fold (Fig. 5A ). The blots of concentrated or neat supernatant show the EMICE contained in 10% or 1% of the total supernatant, respectively ( Fig. 5A and  B) . To enable comparison, 10% of the total cells were also analyzed (Fig. 5C ). The quantity of EMICE produced was approximated using rEMICE as a standard. The effect of Ara-C on EMICE production was also evaluated to determine whether EMICE is an early or late protein. Ara-C (25 g/ml) inhibited EMICE production at 8 h postinfection, which indicates that EMICE is a late protein (data not shown).
EMICE was undetectable in the supernatant (Fig. 5A ) and cells (data not shown) at 0 h and in the samples from the ⌬EMICE virus ( Fig. 5A) , which served as a control for potential cross-reaction of the antibody with other viral proteins. In the concentrated supernatants at 4 h, greater than 1 ng of EMICE was detected, indicating that the concentration was at least 10 ng/ml. Over the next 2 h, the concentration of EMICE increased 10-fold to 100 ng/ml, as indicated by the 10 ng in the concentrated sample ( Fig. 5A ) and about 1 ng in the unconcentrated supernatant (Fig. 5B ). An additional 10-fold increase in EMICE concentration to 1,000 ng/ml occurred between 12 and 16 h since there was greater than 10 ng of EMICE in the unconcentrated supernatant at 16 h (Fig. 5B ). On average, each cell infected at an MOI of 1 had produced 1 pg of EMICE by 16 h. In contrast, minimal quantities of EMICE were detected in or on the cells at all time points (Fig. 5C ), which indicates that in this system EMICE is predominately a secreted protein.
The largest increase in infectious virus in the supernatant occurred between 16 and 18 h postinfection (Fig. 5D ). In other experiments evaluating EEV production, the majority of the virus detected at 18 and 24 h postinfection was IMV (data not shown). At 16 h, the EMICE level was 1,000 ng/ml (Fig. 5E ), and rEMICE's complement regulatory activity occurred in vitro at lower concentrations than this (Fig. 2) . The large quantity of EMICE secreted from infected cells prior to the release of IMV could provide needed protection from complement-mediated destruction for the virus.
Soluble rEMICE protected ECTV IMV. Mouse complement neutralizes the IMV form of ECTV effectively in vitro, even at serum concentrations as low as 10% (48) . Sera from mice , and rEMICE was detected with a polyclonal rabbit anti-VCP antibody (blue). The gray peak represents cells not exposed to rEMICE. (B and C) rEMICE significantly reduced C3 deposition by the alternative pathway. CHO cells (green) or CHO cells with bound rEMICE (blue) were sensitized with anti-CHO antibody and then exposed to sera from wild-type, C4-deficient, or FB-deficient mouse strains. In wild-type serum, both the classical and alternative pathways were active. When activation was limited to only the alternative pathway by using C4-deficient serum, rEMICE decreased C3 deposition, as indicated by the arrow. To limit activation to the classical pathway, FB-deficient serum was used. The gray peak represents cells not exposed to serum. C3 deposition was measured as mean fluorescence intensity (MFI). The bar graph in panel C displays the mean Ϯ standard error of the mean from two experiments performed in duplicate, with representative images from one experiment shown in panel B. (D to F) rEMICE regulated the alternative pathway in a dose-dependent manner. CHO cells were mixed with increasing concentrations (g/ml) of rEMICE (25, pink; 50, light blue; 100, orange; 200, dark blue; 400, black) or not exposed to rEMICE (green). (D) rEMICE binding as in panel A. (E and F) Cells were exposed to wild-type mouse sera in the presence of Mg ϩϩ EGTA, which limits activation to the alternative pathway. C3 deposition was measured, displayed, and quantitated as described above for panels B and C. (G and H) rEMICE and rSPICE regulated mouse complement similarly. rEMICE (blue) and rSPICE (red) were mixed with CHO cells at 50 g/ml, and the level of binding was analyzed as described in panel A. C3 deposition on the cells was measured after exposure to sera from C4-deficient mice as described in panel B. The data shown are representative of five separate experiments in which the concentration of sensitizing antibody (4-fold range) and of serum (10 to 40%) and the quantity of rEMICE (4-fold range) were varied. In each case, the degree of inhibition by rEMICE or rSPICE was similar. 4) and cell lysates (lanes 6 to 8) were collected from L929 cells infected with the three viral strains listed above the gel at an MOI of 1 and analyzed by Western blotting. EMICE-deficient ECTV (⌬EMICE) was generated from wild-type ECTV (WT) using a construct with a 600-bp deletion in the middle of the EMICE gene. The wild-type genomic sequence was added back to ⌬EMICE to create the rescue strain (ϩEMICE). EMICE-producing clones were selected by PCR and confirmed by Western blotting. rEMICE (1 ng) in lanes 1 and 5 served as a positive control. The EMICE monomer (M) and a smaller antigenically related protein of unknown significance (*) are indicated. Numbers to the left indicate the relative electrophoretic mobility (M r ϫ 10 Ϫ3 ).
FIG. 4. Generation of EMICE-deficient (⌬EMICE) ECTV. Supernatants (lanes 2 to
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ECTROMELIA VIRUS REGULATES COMPLEMENT VIA EMICE 9133 genetically deficient in antibody or in either classical-or alternative-pathway components have decreased neutralizing activity (48) . Our prior data indicate that natural antibody initiates the classical complement cascade, and the subsequent engage-ment of the alternative pathway amplifies opsonization, the predominant process of neutralization in wild-type serum (48) . EMICE's ability to protect IMV from complement-mediated neutralization was tested using a plaque reduction assay (Fig. 6) . rEMICE was mixed with wild-type mouse serum just prior to the addition of purified IMV, and infectious IMV was detected as plaques. The interleukin-18 (IL-18) binding protein of ECTV was used as a control protein because it was also produced in E. coli and is similar in size. Mouse serum at a final concentration of 10% neutralized 87% of the virus in the absence of recombinant protein. The IL-18 binding protein did not affect neutralization, except slightly at the highest concentration when the IL-18 binding protein and its buffer were 40% of the reaction volume (Յ4% under all other conditions).
rEMICE provided greater protection than the control protein with 1,000-fold less protein. At the highest concentration, rEMICE reduced the neutralizing activity of the serum by 86%, or greater than 7-fold (from 87 to 12%). However, protection of 50% of the virus occurred at a lower concentration, an EC 50 of 283 ng/ml, as determined by nonlinear regression. This level was about 4-fold lower than the 1 g/ml concentration of EMICE observed at 16 h in vitro (Fig. 5D) . Therefore, the microenvironment of an infected cell likely contains sufficient EMICE to significantly inhibit complement activation.
EMICE not required for EEV resistance to complementmediated neutralization. Poxviruses produce a second form of the virus, the EEV, which mediates dissemination over long distances (58) . In the case of vaccinia virus, the EEV avoids complement-mediated neutralization by incorporating the host regulators (62) and has greater resistance to antibody-mediated neutralization than IMV (37) . To evaluate the role of EMICE on the EEV form, we established a homologous system using only mouse reagents to mimic a natural infection (Fig. 7) .
EEV from ⌬EMICE or ϩEMICE ECTV was produced in murine L929 cells. The culture supernatant contains EEV as well as "contaminating" IMV, which was neutralized by a monoclonal antibody to the IMV protein L1R (3). At the FIG. 5. EMICE synthesis by infected cells began 4 to 6 h postinfection and reached high levels prior to the release of IMV. The production of EMICE was followed over time in murine L929 cells infected at an MOI of 1. After infection for 1 h, the cells were rinsed to remove free virus and then cultured in 1,000 l of medium. The EMICE produced was assessed via Western blotting in 10-fold-concentrated supernatants (10% of total) (A), unconcentrated supernatants (1% of total) (B), or washed cells (10% of total) (C). The blots shown were developed on the same film to facilitate comparison. rEMICE is labeled with the amount loaded (1 or 10 ng). The numbers (0 to 24) below indicate the number of hours postinfection when the samples were obtained. The delta (⌬) indicates ECTV with a deletion of EMICE. The forms of EMICE are indicated: dimer (D), monomer (M), and smaller antigenically related protein (*), which was previously described in vaccinia virus culture supernatants (41) . (D) The supernatant was titrated on BS-C-1 cells at the time of collection. The concentration of EMICE in the supernatant (A and B) was based on comparison to rEMICE in multiple exposures and appears above the arrows (ng/ml).
FIG. 6. Soluble rEMICE protected IMV from complement-mediated neutralization. Prior to the addition of purified IMV, naïve wildtype C57BL/6 mouse serum was mixed with rEMICE or recombinant ECTV IL-18 binding protein (rIL-18 BP) as a control. Following incubation at a final concentration of 10% serum, the samples were applied to BS-C-1 monolayers. Percent neutralization was calculated by setting zero plaques to 100% neutralization and the average number of plaques in heat-inactivated sera (HI-Sera) to 0% neutralization. The dashed line indicates the level of neutralization by the wild-type serum alone (87%). The rEMICE line represents the mean Ϯ standard error of the mean from two independent experiments, with each condition performed in duplicate. concentration used (10 g/ml), this antibody neutralized greater than 99% of purified IMV (data not shown). Convalescent-phase sera from wild-type mice infected with ⌬EMICE ECTV were used as a source of anti-ECTV antibody to avoid anti-EMICE antibodies. VCP is immunogenic following vaccination (1), and anti-VCP antibodies block complement regulatory function (28) . Finally, sera from the same strain of mice were used as the source of complement.
The ⌬EMICE EEV behaved similarly to ϩEMICE EEV under all conditions tested (Fig. 7) . Serum alone or heatinactivated serum produced a modest reduction viral titer compared to the samples not exposed to serum. Serum supplemented with anti-ECTV antibody neutralized about half of the virions, and this neutralization was independent of EMICE.
EMICE reduced complement activation on infected cells. To evaluate the importance of EMICE on the surface of infected cells, we again used this homologous system consisting only of mouse reagents. The ability of EMICE to protect the surface of infected cells from complement deposition was evaluated by comparing murine L929 cells infected with ⌬EMICE or ϩEMICE ECTV (Fig. 8 ). Most assays to evaluate complement regulatory proteins on the cell surface, like the experiments employing CHO cells ( Fig. 3B and C) , use antibody to initiate the complement cascade (38) . The same convalescent-phase sera were used as a source of anti-ECTV antibody to enhance complement activation. Finally, sera from wild-type or complement-deficient mouse strains were used as the source of complement. The complement-deficient mouse sera enabled selective activation of the alternative or classical pathways.
EMICE was detected on the surface of ϩEMICE ECTVinfected cells by flow cytometry (Fig. 8A ) and on or in these cells by Western blotting (Fig. 8B) . The cell lysate (Fig. 8B , lane 5) has protein from 10 5 cells, whereas the supernatant (Fig. 8B, lane 6) has protein from only 10 4 cells, indicating that only a minority of EMICE was cell associated.
Upon exposure to mouse serum, more C3 was deposited on the cells infected with either ⌬EMICE or ϩEMICE virus than on uninfected cells ( Fig. 8C and D) . The addition of convalescent-phase serum amplified the difference between the infected and uninfected cells ( Fig. 8C and E) . Activation of both pathways (wild-type serum) or selective activation of the classical pathway (FB-deficient serum) produced similar levels of C3 deposition on the ⌬EMICE and ϩEMICE ECTV-infected cells (Fig. 8D and E) although more C3 deposition occurred if both pathways were active. Significantly less C3 was deposited on ϩEMICE virus-infected cells than on ⌬EMICE virus-infected cells (80% [P ϭ 0.006] and 57% [P ϭ 0.04] with anti-ECTV antibody) when only the alternative pathway was active (C4-deficient serum) ( Fig. 8D and E ).
DISCUSSION
In this study, we characterized EMICE and its ability to regulate complement activation in the ECTV model. The ECTV model system is arguably the best poxvirus animal model for studying the role of complement in pathogenesis as ECTV is a natural mouse pathogen, and there is an abundance of reagents and mouse strains available for dissection of the complement activation pathway.
EMICE shares high homology with the other PICEs, with the greatest divergence occurring in CCP-1, which is nearly identical in the PICEs of variola, vaccinia, cowpox, and monkeypox viruses. The first CCP domain of VCP is required for binding to C3b and C4b (49, 53) . The concentration of differences (10 of 15 unique residues) in CCP-1 of EMICE likely results from the coevolution of ECTV with its mouse host and improves viral fitness. SPICE and EMICE had similar abilities to regulate complement activation in mouse sera, suggesting that the changes in CCP-1 may influence EMICE's ability to interact with other virus-or host-specific proteins in vivo. Alternatively, natural ECTV infection is not subject to the selective pressures that have preserved CCP-1 in VCP, MOPICE, IMP, and SPICE.
Despite the structural variation, rEMICE's affinity for C3b mirrored what was previously observed with rMOPICE in vitro (41) . The two proteins differ by 18 residues, with the majority being in CCP-1, and by the truncation of CCP-4 in MOPICE. Based on this line of reasoning, CCP-2/CCP-3 are the most important for ligand binding, which is consistent with electrostatic modeling (57) as well as a report of function-blocking antibodies that recognize either CCP-2 or CCP-3/CCP-4 (28) . Moreover, over half (five of nine) of the unique residues in SPICE are located in CCP-2, and these differences mediate SPICE's enhanced activity for human complement compared to VCP (42, 57, 64) .
While PICEs bind both C3b and C4b, they bind C4b with higher affinity (41, 49) . Additionally, they have decay-accelerating activity for the C4b-containing convertases generated by the classical or lectin pathways. The pressures that have selected for this enhanced activity against C4 suggest that C4 has an important role in the immune response to a poxviral infection. Since complement activation has antiviral effects that enhance host survival (48) , the ability to inactivate C4b would FIG. 7 . EMICE did not impact EEV's resistance to neutralization by complement and antibody. EEV was produced by infecting murine L929 cells at a low MOI with ⌬EMICE (gray) or ϩEMICE (black) ECTV for 2 days. Contaminating IMV in the supernatant was eliminated using a neutralizing anti-L1R monoclonal antibody (3) . The EEV was added to heat-inactivated or active mouse serum (10%). Active sera were supplemented with convalescent-phase sera (Ab) from mice infected with ⌬EMICE ECTV. Infectious virus was detected as plaques on a BS-C-1 monolayer. The number of plaques was normalized to the samples not exposed to serum. No difference was detected between the ⌬EMICE and ϩEMICE EEV under any condition (P ϭ 0.24, HI-Sera; P ϭ 0.77, Sera; 0.37, P ϭ Sera & Ab). The data shown are means standard errors of the means of four experiments, with each condition performed in triplicate.
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ECTROMELIA VIRUS REGULATES COMPLEMENT VIA EMICE 9135 be advantageous for the virus if the classical or lectin pathway initiates complement activation. Prior in vitro work showed that natural antibody triggers the complement-mediated neutralization of IMV (48) . rEMICE effectively prevented this neutralization, which demonstrates EMICE's capacity to inhibit the classical pathway activated by natural antibody. Serum deficient in either classical-or alternative-pathway components retains partial neutralizing capacity (48) . The deficient serum neutralizes more IMV than wildtype serum did in the presence of rEMICE, which indicates that EMICE also decreases activation of the alternative pathway. rEMICE's protection of IMV from the complement-mediated neutralization demonstrates EMICE's potential to regulate mouse complement and influence events early during infection.
EMICE is secreted in vitro prior to the release of the majority of IMV, allowing it to protect IMV as they are released. Additionally, EMICE's ability to dimerize to produce a more efficient complement inhibitor (versus the monomer) and to bind to cell surfaces may further enhance its regulatory activity in the microenvironment of the infected cell. These experiments model what may occur in vivo; they demonstrated that infected cells produce large quantities of EMICE, which impedes neutralization of ECTV IMV by the host's innate immune system.
In contrast, the EEV form does not require EMICE to resist complement-mediated neutralization, likely due to protective host regulators in its outermost envelope (62) . The modest decrease in titer with the heat-inactivated serum was also previously observed with vaccinia virus (6) . The relatively equivalent results after exposing EEV to either active or heat-inactivated serum establishes the resistance of the EEV form to complement-mediated neutralization in a second virus. The prior study that used vaccinia virus found similar resistance to complement when a homologous system (rabbit cells and complement or human cells and complement) was used; conversely, the EEV produced in rabbit cells was readily neutralized (over 90%) by human complement (62) . The ability of serum when combined with anti-ECTV antibody to neutralize about half of the EEV demonstrates the activity of the serum. Consistent with published findings (5, 6, 62) , the addition of antiviral antibody can overcome the EEV's normal resistance to complement. Taken together, these results highlight the importance of employing a homologous system, preferably from the natural host, in analyzing the importance of complement inhibitors to virulence.
EMICE also reduced complement activation on the cell surface. Similar to rSPICE (38) , rEMICE bound to the surface of CHO cells. There, rEMICE protected CHO cells against FIG. 8. EMICE protected infected murine cells from alternativepathway activation in mouse serum. Murine L929 cells were infected at an MOI of 5 with ⌬EMICE (gray) or ϩEMICE (black) ECTV for 10 h. (A) EMICE expression on the cell surface was evaluated by flow cytometry. The shaded peak represents ϩEMICE virus-infected cells exposed to secondary antibody only. (B) EMICE associated with infected cells was also evaluated by Western blotting. Lanes 1 and 2 contain 1 and 10 ng of rEMICE, respectively, as standards. Lanes 3 and 5 contain 10 5 washed cells infected with the indicated virus. Lanes 4 and 6 contain the supernatant (Sup) from 10 4 cells. Numbers to the left indicate the relative electrophoretic mobility (M r ϫ 10 Ϫ3 ), and dimer (D), monomer (M), and smaller antigenically related protein (*) are indicated to the right. (C) Cells infected with ⌬EMICE (gray line) or ϩEMICE (black line) ECTV or left uninfected (shaded peak) were divided, and a subset was incubated with convalescent-phase sera (Ab) from mice infected with ⌬EMICE ECTV. The samples were exposed to sera from wild-type, C4-deficient, or FB-deficient strains of mice to evaluate EMICE's ability to regulate complement activation by both pathways, the alternative pathway, or the classical pathway, respectively. C3 deposition was measured using flow cytometry. Representative images from the experiment analyzed in the following panels are shown. EMICE significantly reduced C3 deposition by the alternative pathway in the absence (D) and presence (E) of anti-ECTV antibody. Uninfected (white), ⌬EMICE virus-infected (gray) or ϩEMICE virusinfected (black) cells were treated as described in panel C. An asterisk indicates a statistically significant difference between that cell type and the other two types (P Ͼ 0.05, using one-way ANOVA followed by Tukey's multiple comparison test). The data shown are mean Ϯ standard error of the mean from one experiment performed in triplicate and are representative of three independent experiments. complement activation by the alternative pathway in an in situ model system employing antibody as the activator. In a logical extension of these studies, we evaluated EMICE's ability to protect infected mouse cells from mouse immune serum and complement. Similarly, L929 cells infected with the virus containing EMICE were protected from complement activation by the alternative pathway. Cofactor activity likely mediates this protection since the other PICEs have limited or absent decayaccelerating activity for the alternative pathway convertases in vitro (41, 49) . EMICE's regulation of the alternative pathway and the classical pathway when activated in a less robust manner by natural antibody may help ECTV evade the innate and early adaptive immune responses. Prior data from in vivo experiments using PICE-deficient poxviruses also supports a role for PICEs early during infection. The loss of IMP from cowpox virus (35, 45, 46) or VCP from vaccinia virus (29) affects local inflammation by 3 to 5 days postinfection, prior to the induction of a robust adaptive immune response.
Rabbit IgG directed against CHO cells efficiently engages the classical pathway, and it overwhelmed rEMICE's regulatory capacity. These conditions mimic an infectious state after the adaptive immune response produces abundant antibody. Prior reports using similar methodology showed that rSPICE decreased C3b deposition by the classical pathway by about 50% (38) ; however, this decrease would likely be insufficient to protect the cells from the detrimental effects of complement activation. Classical pathway activation on ⌬EMICE and ϩEMICE virus-infected cells produced equivalent levels of complement deposition. The impact of the PICEs during infection likely occurs prior to the induction of a strong humoral immune response.
Interestingly, complement deposition occurred on the surface of all infected cells but not on uninfected cells, even before anti-ECTV serum was added. The increased complement activation could result from increased expression of viral antigens that are recognized by natural antibody or from decreased expression of the normal cell surface regulatory proteins. Hypothetically, host cells may decrease production of their regulators during infection as a defense mechanism to increase their susceptibility to complement, or decreased expression may result from the viral takeover of the cells' translational machinery. These interesting hypotheses are currently being explored. Independent of the mechanism, the increased susceptibility of infected cells to complement activation demonstrates the need for viral complement inhibitors.
ECTV infection produces multiple forms of EMICE. The unpaired N-terminal cysteine of VCP economically enables both the formation of dimers with enhanced regulatory activity (41) and an interaction with A56 that tethers the complement inhibitor to the surface of infected cells (26) and possibly to the EEV form as well. The multiple forms of the PICEs appear to be advantageous to the virus as the only PICE that lacks a free N-terminal cysteine, MOPICE, has a free cysteine in the truncated CCP-4 that mediates dimerization (41) . The generation of ECTV mutants carrying EMICE lacking the N-terminal cysteine could address the importance of the multiple PICE forms in vivo; however, differentiating between the effects of dimerization versus A56-mediated expression could be difficult. This potential interaction between EMICE and A56 and its contribution to complement resistance as well as virulence in vivo require future investigation.
Vaccination-induced anti-PICE antibodies neutralize these virulence factors (1, 28) ; however, alone they provide insufficient protection in mice challenged with a lethal dose of vaccinia virus. Passive administration of high-affinity functionblocking antibodies should facilitate viral clearance and may aid recovery. Such antibodies could enhance complement activity by disabling the inhibitor while simultaneously tagging infected cells that express PICEs on their surfaces for destruction by complement or other immune-mediated mechanisms.
In summary, we have characterized the complement-inhibitory profile of EMICE produced recombinantly or by infected cells. In standard complement assays, rEMICE served as cofactor for the cleavage and, thereby, inactivation of C3b and C4b and dissociated the classical pathway C3 convertase. When bound to cells, EMICE protected them from complement attack, especially by the alternative pathway. Immune serum largely overcame this activity. EMICE was produced by infected cells at 4 to 6 h postinfection and in large amounts by 16 h, which would protect IMV from neutralization by complement. These results represent an informative example of the workings of a single virulence factor that inhibits a major player in the innate immune system's response.
